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Outline 

§  Localized Kinetics & Modelling 
§  Localized Hybridization Reactions 

§ On Nanotracks 
§ On DNA Origami 
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Objective 

§  Challenges from programing DSD devices: 
§  Speed 
§  Scalability 
§  Spurious interactions/crosstalk 

§  What are the current options? 
§  Sequence design (mismatch, clamp, G-C) 
§  Lower concentration 

§  Developing software 
§  to ease the sequence design process 
§  to track all possible reaction pathways 

§  Programming DSD devices on 2D surface 
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A Biophysical Model 
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Local	concentration	estimation:	
•  Distance	between	molecules	
•  Flexibility	of	DNA	
•  Length	of	molecules	



Software: How to solve it? 

§  Visual DSD: 
§  Special-Purpose: Used to design and 

analyze DNA strand displacement 
systems in solution-phase. 

§ Not applicable for 2D DNA circuits. 
§ Need to employ continuous-time Markov 

chain (CTMC) to be relevant. 
§  PRISM: 

§ General-Purpose: Used to test logical 
queries by probabilistic model checking. 
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Integrate probabilistic model 
checking within Visual DSD 

 
§  Streamline approach to analyze 

modifications to a given model. 
§ Optimize the computation of probabilistic 

queries at multiple time points. 

Visual	DSD	 PRISM	
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How to calculate transient 
probabilities? 

§  Visual DSD 
§  Numerical integration of the chemical master equation 

(CME). 
§  Propagate the solution at a previous time point to the next 

one. 
§  Low setup cost when requesting multiple time points. 
§  May consume large memory to store multiple time points. 

§  PRISM: 
§  Uniformization method: a discrete time conversion of CTMC 

to calculate the probability of being in a particular state at 
a particular time. 

§  High setup cost when requesting multiple time points. 
§  More efficient and stable routine for single calculations. 
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Chemical Master Equations 
(CME) 

§  Distribution of all possible trajectories. 
§  Analysis of CME:  

§  Generate a CTMC (full state space of the system). 
§  Each state – a vector of species populations. 
§  Each position – a separate species. 

§  State Space Grows Exponentially with N: 
§  Global (non-local) setting:  

§  N species and c copies of each species: state space of cN. 
§  Example: N species and 1000 copies of each species: state space 

of 1000N. 
§  Less efficient due to non-local interactions. 

§  Localized setting:  
§  N species and a single copy of each species (present or absent), 

state space of 2N. 
§  More efficient due to localization 
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Visual DSD 

§  To simulate the localized strand 
displacement circuit: 
§ Generate a CTMC (For a detailed mode 

and an infinite mode). 
§  Set transition rates 
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Designed Localized Circuits 
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Simulating Biophysical Model 
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Localized Hybridization 
Reactions on Nanotracks 
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Experimental Data: Speedup 
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Experimental Data 
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Experimental Data: 
Concentration Test 

24	
Pro
of (c
omp
lete
d) 

Q. H
ow 
man
y ha
’s ca
use 
x an
d y t
o co
llide
? 

A. T
here
 are
 m c
hoic
es fo
r ea
ch o
f a1 ,
 a2 , 
…, 
ar  , 

but 
onc
e th
ese 
are 
cho
sen,
 exa
ctly
 one
 cho
ice 

for a
0  ca
uses
 x an
d y t
o co
llide
, nam
ely 

⎛ 

⎞⎟⎟

⎛

⎞⎟⎟ 

r ∑ 
⋅ ( x0

 − y
 0 − ) 1 

⎜⎜⎝ ⎜⎜ =
− 
ai ( x
i − y

 i ) 

mod
  m .

a0 

⎠

⎝

⎠ 

i 1 = 

Thu
s, th
e nu
mbe
r of 
h ’s
 tha
t cau
se x
 and
 y 

a

to c
ollid
e is 
m r ·
1 =
 m r =
 |H|
/m. 

Oct
obe
r 5, 
200
5 
Cop
yrig
ht ©
 200
1-5 
by E
rik D
. De
mai
ne a
nd C
harl
es E
. Le
iser
son 
L7.1
5 



25	

Localized Hybridization 
Reactions on DNA Origami 



224 x 2 binding sites 
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Practical Considerations 

§  Errors of Assembly: 
§  Staples are missing 7% of the time. 
§  => Only 70% of 4 gates will be formed. 

§  Dealing with Errors of Assembly 
§  Built-in redundancy. 
§  Consensus methods. 

§  Hairpin Issues: 
§  Hairpins interacting during anneal processes. 
§  Hairpin structure is stable at a higher 

temperature. 
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Abstract Modeling of Tethered 
DNA Circuits 
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Robustness of Localized DNA 
Strand Displacement Cascades 
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Connecting Multiple Distinct 
Localized DNA Strand Displacement 

Reactions 
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Diffusive transport of molecular 
cargo tethered to a DNA 

origami platform 
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